A delayed inflammatory response is a prominent feature of infection with
be detected 36 to 72h post-infection, but does not stop disease progression. Moreover, TNF-α 1 and IFN-γ are not detected in the blood until advanced stages of septicemic plague (54). 2
These findings are consistent with current models that a major attribute of Y. pestis 3 pathogenesis is the ability to suppress or delay the innate immune response (7, 12, 28, 38, 41, 4 54) . pathogenic Yersinia species possess a closely related virulence plasmid (generically termed 14 pYV, also referred to as pCD1 in Y. pestis), which encodes a Type III secretion system 15 (T3SS) that functions to inject several Yersinia virulence factor proteins, termed Yops, 16 directly into host cells (18) . A large body of work indicates that the Yop effector proteins 17 disrupt phagocytic activity and certain aspects of the inflammatory response, and induce 18 apoptosis (63). LcrV (V antigen), another T3-secreted protein encoded by the virulence 19 plasmid, may also inhibit the proinflammatory response by inducing the anti-inflammatory 20 cytokine 20, 57) . Y. pestis strains that lack the virulence plasmid are essentially 21 avirulent. pYV-negative (pYV -) Y. pestis is able to disseminate from the dermis to the 22 regional lymph node at the same rate as wild-type (WT) Y. pestis when a large inoculum is 23 on November 12, 2017 by guest http://iai.asm.org/ Downloaded from injected, but the infection proceeds no further and is cleared within a few days with no 1 associated morbidity (31) . 2 In addition to the T3SS, other major Y. pestis virulence factors are directed to host 3 innate immunity. At mammalian host temperatures, Y. pestis produces a tetra-acylated LPS 4 that does not stimulate TLR4, the primary recognition receptor for gram-negative bacteria, 5 thereby preventing the induction of the normal proinflammatory response (33, 45, 52, 61) . A 6 capsule composed of the F1 protein is also highly expressed in the host and has 7 antiphagocytic and perhaps immunomodulatory properties (22, 42) . Other non-T3SS 8 virulence factors counteract complement, antibacterial peptide, and nitrosative stress 9 responses of the innate immune system (4, 14, 23, 50, 51, 55) . 
MATERIALS AND METHODS 19
Bacterial strains and growth conditions. The fully virulent Y. pestis 195/P wild-type 20 strain, originally isolated from a patient with pneumonic plague in India (15) and a pYV -21 variant of this strain were used in this study. Starter cultures were grown overnight in heart 22 infusion broth (HIB) at 28°C. The bacteria were then subcultured in Luria broth (LB) for 23 on November 12, 2017 by guest http://iai.asm.org/ Downloaded from 18h at 21°C to mimic the temperature during passage through the flea. Bacteria were 1 quantified by Petroff-Hausser direct count, and inocula were prepared that contained 5 x 10 4 Determination of bacterial load in tissues used for microarray. To determine the bacterial 1 load in the infected lymph node, DNA enriched for Y. pestis plasmids was extracted from one 2 ml of the same lymph node/RNA protect suspensions used for microarray, using the QIAprep 3 Spin Miniprep kit (Qiagen). Bacteria were quantified by quantitative PCR (Q-PCR) of the 4 lymph node DNA samples by use of a primer and probe set for the Y. pestis pla gene and an 5 ABI 7700 TaqMan instrument as described (16). Numbers of Y. pestis in the lymph node 6 samples were determined by extrapolation from a standard curve generated from identical 7 analysis of identically processed uninfected lymph node samples to which known numbers of 8 Y. pestis had been added. 9
The spleen of each rat was also collected, triturated and plated on blood agar 10 containing 1 µg/ml Irgasan to determine the CFU/gm. The results were used to separate WT-11 infected rats into two groups based on disease stage: bubonic (sterile spleen) and septicemic 12 (viable bacteria detected in the spleen). 13
Cytokine, chemokine and flow cytometry assays. Right inguinal lymph nodes from five 14 rats infected with WT or pYV -Y. pestis 195/P were isolated 36 or 60h post-infection. Five 15 rats injected with PBS alone served as normal controls. The lymph node was pressed though 16 a 70-µm cell strainer and the contents released into one ml of PBS. Fifty microliters of the 17 lymph node cell suspension from each rat was used to determine the CFU per node by plate 18 counts on blood agar/Irgasan. The cell suspension samples were then centrifuged at 1,000 x 19 g and the supernatants collected, filter sterilized and assayed for cytokine/chemokine levels 20 using the Lincoplex rat cytokine/chemokine immunoassay panel (Millipore; St. Charles, 21
MO). 22
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For flow cytometry analyses, the cell pellets remaining from the lymph node 1 suspensions were resuspended in 800 µl of Pharmingen stain buffer (BSA; BD Biosciences; 2 San Jose, CA), washed twice and aliquots placed into different tubes and stained for 3 neutrophils and macrophages, CD4+ and CD8+ T cells, or B cells using 1:100 dilution of 4 monoclonal antibodies conjugated to different fluorochromes and incubated at RT for 20 min 5 in the dark. Neutrophils and macrophages were stained with anti-rat granulocyte-fluorescein 6 (FITC) (clone HIS48, BD Biosciences) and anti-rat CD11b/c-allophycocyanin (APC) 7 antibodies (Invitrogen; Carlsbad, CA). Granulocyte+ / CD11b/c+ were classified as 8 neutrophils, and granulocyte-/ CD11b/c+ cells were classified as macrophages. CD4+ and 9 CD8+ T cells and B cells were stained with anti-rat CD4-APC (clone OX-35), anti-rat CD8a-10 FITC (clone OX-8), and anti-rat CD45RA phycoerythrin-Cy5 (PE-Cy5) (clone OX-33, BD 11 Biosciences) antibodies, respectively. The stained lymph node cell suspensions were then 12 washed twice more and the cells were fixed using BD Cytofix/Cytoperm solution (BD 13 Biosciences) for 30 min and washed twice in PBS. Data were acquired using either a 14
FACSCalibur or an LSRII flow cytometer (BD Biosciences) and were analyzed using FlowJo 15 version 8.3 software (Tree Star, Inc.; Ashland, OR) . 16
In addition to the lymph node samples described above, spleens were also collected 17 from all rats and plated to assess disease stage of WT-infected rats: bubonic (viable bacteria 18 in the lymph node only, n = 4); and septicemic (viable bacteria detected in the lymph node 19 and the spleen, n = 6). One-way ANOVA was performed with Dunnett's post test to compare 20 infected samples to PBS controls, and with Tukey's post test to compare pYV --and WT-21 infected samples, using GraphPad Prism version 4.03 (GraphPad Software; San Diego, CA). 22
Differential Blood Cell Counts and Histology. Heart blood was collected from 1 euthanized rats at 36 and 60h post-infection (three rats per group) and differential blood cell 2 counts were performed using the Hemavet 950FS Veterinary Multi-species Hematology 3 System (Drew Scientific Group; Oxford, CT). Three rats injected with PBS alone 4 represented normal controls. One-way ANOVA with Dunnett's post test was performed to 5 compare infected samples to PBS controls using GraphPad Prism. The right inguinal lymph 6 nodes and spleens were also collected from these rats and placed in 4% paraformaldehyde. 7
The fixed samples were embedded in paraffin, processed and 4-µm-thick sections were 8 stained with hematoxylin and eosin. PMNs and bacteria in lymph node sections were 9 differentially stained by immunohistochemistry (IHC) on a Discovery XT automated stainer 10 (Ventana Medical Systems, Inc.; Tucson, AZ) using anti-myeloperoxidase antibody AF3667 11 (R&D Systems; Minneapolis, MN) Infection with pYV -Y. pestis also resulted in pronounced lymphadenopathy, but the 14 histological picture was different. At 36h post-infection, the draining lymph node also 15 showed focal loss of lymphocytes, but with relatively mild edema, fibrin deposition and 16 hemorrhage. Unlike bubonic plague, bacteria were not detectable and numerous degenerate 17 neutrophils were present (Fig. 1D) . The fibrinosuppurative and necrotizing histological 18 picture in pYV --infected rats was more pronounced and extensive 60h after infection, with 19 inflammation occasionally extending into the perinodal connective tissue, but again no 20 bacteria were observed. At 60h, some areas of the lymph node contained moderate numbers 21 of macrophages and fibroblasts, which may reflect a resolving inflammatory process in these 22 rats. Many eosinophils were also present in these areas (Fig. 1E3) WT-infected rats in the bubonic stage was virtually identical to that of uninfected control rats 7 (Fig. 2) . In keeping with the histological picture, the proportion of PMNs in lymph nodes 8 infected with pYV -Y. pestis was significantly increased at both 36 and 60h. In contrast, 9
increased PMNs in WT-infected lymph nodes were not evident until the later time point. The 10 percentage of PMNs correlated with bacterial load in lymph nodes from pYV --infected rats, 11
but not WT-infected rats (Fig. 2F) . 12
Compared to PMNs, significant recruitment of macrophages to the lymph node was 13 not detected in rats infected with either pYV -or WT Y. pestis. The mean percentage of 14 macrophages was slightly higher in WT-infected, septicemic-stage rats than in PBS control 15 rats, but this difference was not significant-two of the six infected samples contained 18 to 16 27% macrophages, but the other four only 2 to 3%. 17
The percentages of other cell types in the lymph node was also affected by infection. 18
The percent of CD4+ T helper cells was significantly lower late in infection with either pYV 
We also performed differential white blood cell counts from heart blood of infected 1 rats to compare the stimulation of granulopoiesis and migration from the bone marrow. The 2 percentage of circulating neutrophils in pYV -Y. pestis-infected rats was about 2.5-fold 3 higher at both post-infection time points than in the PBS-injected normal controls. In 4 contrast, a neutrophilic response was not detected in WT-infected rats until after bacteremia 5 had developed (Fig. 3) . The neutrophilic response was accompanied by lymphocytopenia, so 6 the total WBC counts in the infected rats were unchanged compared to the uninfected control 7 rats. The percentage of circulating monocytes was unchanged compared to PBS controls, but 8 thrombocytopenia was common to infection with both Y. pestis strains, occurring in 50 to 9 60% of the rats (data not shown). 10 11 Y. pestis does not induce a transcriptional response in the rat during early stages of 12 bubonic plague. In a further effort to characterize a successful versus an unsuccessful host 13 response to bubonic plague and the extent of the effects of pYV-encoded factors on the host 14 response in the bubo, we analyzed the transcriptional response of rats infected with WT or 15 pYV -Y. pestis. PBS-injected rats served as negative controls. Because the lymph node is 16 the key arena where the battle against bubonic plague progression is either won or lost, 17 transcriptional profiles were determined on cell suspensions from lymph nodes collected at 18 early (36h) and late (60h) time points after infection. For pYV --infected rats at 36h, four of 19 the six lymph node samples contained 6.1 x 10 5 to 8.8 x 10 6 bacteria, with two samples 20 below the detectable limit of 10 5 . At 60h, the pYV -infections were nearly resolved-five of 21 the six lymph node samples had levels of bacteria below detectable limits (Fig. 4) . infected rats were grouped according to disease stage: bubonic (samples collected at 36h 23 from rats with bacteria detectable in the lymph node but not in blood or spleen) and 1 septicemic (samples collected at 60h when lymph node and spleen were both heavily 2 colonized and the rats were symptomatic). 3
Statistical representation of the overall gene expression profiles of the biological 4
replicates by principal components analysis (PCA) of the microarray data showed that the 5 gene expression profiles of pYV -Y. pestis-infected animals grouped together regardless of 6 time post-infection ( Fig. 5A ). WT-infected lymph node transcriptomes from rats with 7 septicemic plague were distinct, but did not group closely together, probably due to the 8 varied stages of disease progression seen in this group. Although all of these rats had 9 septicemic plague as evidenced by a positive Y. pestis culture from the spleen, the gross 10 pathology of the lymph nodes used for microarray analysis ranged from subclinical to 11 enlarged with extensive edema and hemorrhage. 12 Strikingly, the gene expression profiles in WT-infected lymph nodes isolated from 13 rats still in the bubonic stage grouped most closely with those of uninfected PBS controls. In 14 fact, although positive signals were detected for 50 to 60% of the ~31,000 probe sets on the 15 microarray for all of the sample types, not a single rat gene from the WT-bubonic stage rat 16 samples had a statistically significant difference in expression compared to uninfected 17 control rat samples. In contrast, 757 and 774 genes, respectively, were differentially 18 expressed at least ± 2-fold compared to control samples in rats 36 and 60h after infection 19 with pYV -Y. pestis ( Fig. 5C ; Tables S1, S2 ). Quantitative RT-PCR of the transcripts of 13 20 selected genes correlated well with the microarray results ( Supplementary Fig. 1 ). Thus, WT 21 Y. pestis appears to go undetected by the host while bubonic plague is being established. Tables S3, S4 ). In a separate experiment, we determined the transcriptional profile in the 2 draining lymph node from rats injected with 10 8 killed Y. pestis. A proinflammatory 3 transcriptional response was not induced in these samples (Fig. 5B and data not shown) , 4
suggesting that gene induction observed in pYV --infected lymph nodes at 36h post-infection 5 depended on viable bacteria and was not instigated by peripheral injection of a large foreign 6 biomass. 7
Common aspects of the host transcriptional response to infection with WT and pYV -Y. 8 pestis. Although the transcriptional response to WT Y. pestis was delayed until after 9 systemic dissemination from the bubo, many similarities were evident in the host response to 10 infection with either WT or pYV -Y. pestis ( Fig. 5, 6 ; Tables S3, S4 ). Of the three major 11 proinflammatory cytokines, IL-1 and IL-6, but not TNF-α, were significantly upregulated 12 and present in elevated levels in the infected lymph nodes (Fig. 6, 7) . Notably, however, the 13 anti-inflammatory IL-1 receptor antagonist (IL1Ra) and decoy receptor (IL1RII), which both 14 bind IL-1α and IL-1β and inhibit their activity (21) , were also very highly expressed (Fig. 6) ; 15 and IL-6 levels achieved their maxima only in septicemic rats (Fig. 7) . Expression of the 16 anti-inflammatory IL-18 binding protein, which inhibits the IL-1 family cytokine , 17 was also upregulated in rats infected with either WT or pYV -Y. pestis. Furthermore, 18 although the genes encoding IL-1α and IL-1β were highly induced in both pYV --and WT-19 infected lymph node cells, extracellular IL-1α protein was not detected at elevated levels 20 except in the lymph nodes of WT-infected rats at the late stage of disease (Fig. 6, 7 ). The 21 same was true for the neutrophil chemoattractant CXCL1 (GRO/KC, GROα). Interestingly, 22 two common mediators of inflammation, IFN-γ and TNF-α, were not induced by the pYV Table S5 ). As 6 with all other genes, IL-17F induction in WT-infected lymph nodes did not occur until after 7
Y. pestis had disseminated systemically (Fig. 6 ). The elevated levels of extracellular IL-17 8 present in infected lymph nodes supported the microarray data (Fig. 7) . Unlike TNF-α and 9 IFN-γ, elevated IL-17 levels were not detected in the serum of rats with septicemic plague 10 (ref. 54 and data not shown), but only in the lymph node. STAT3 and RORα, two 11 transcription factors involved in Th17 development (36), were also upregulated in both pYV produce microbicidal nitrogen and oxygen species that kill intracellular bacteria and 16 proinflammatory cytokines that stimulate a Th1 response to infection (6, 44, 46) . In the 17 absence of IFN-γ, nonclassical or alternative activation can result from exposure to IL-4, IL-18 13 and/or IL-10, leading to a macrophage that is less immunostimulatory and less 19 microbicidal (6, 44, 46) . Elevated levels of these cytokines were not detected in the infected 20 lymph nodes, but arginase 1, a competitive inhibitor of the inducible nitric oxide synthetase 21 (iNOS, NOS2A) and a key indicator of alternative activation (6, 9, 44, 46) , was induced 15-22 to 114-fold by infection with WT or pYV -Y. pestis (Fig. 6 , Table S5 ). In addition, GM-CSF, 23 an inducer of classical activation, was upregulated only in septicemic WT-infected rats; 1 whereas M-CSF, associated with alternative activation, was upregulated in both septicemic 2 and pYV -infected rats. 3
We reported previously that the inducible nitric oxide synthetase (iNOS, NOS2A) 4 gene is expressed by PMNs in infected lymph nodes (55), and NOS2A expression was 5 elevated 20 to 30-fold in pYV --infected lymph nodes at 36h and in WT-infected lymph nodes 6 at 60h during septicemic plague (Fig. 6) . Other host innate immune responses common to 7 infection with both Y. pestis strains included a 17-to 58-fold upregulation of the two 8 components of calprotectin (S100A8 and S100A9) and a 3.5-to 11-fold downregulation of 9 the gene for the antimicrobial protein eosinophil-derived neurotoxin (EDN). Calprotectin is 10 a neutrophil-derived antimicrobial factor that acts by chelating manganese (17). killer (NK) cell receptor, ligand, and effector genes were differentially regulated (Table 1) . 3
The T cell inhibitory receptor CTLA-4 and its ligand CD86 were upregulated only by WT Y. 4
pestis. Expression of 17 rat genes involved in ubiquitination pathways, including two E1 5 ubiquitin-activating enzymes, three E2 ubiquitin-conjugating enzymes, and five E3 ubiquitin-6 ligase enzymes, was significantly affected by infection, and all 17 were differentially 7 regulated either in WT-or pYV -infected animals, but not in both (Tables S1-S4 ). The 8 virulence plasmid encoded YopM and YopJ have been shown to influence NK cells and 9 eukaryotic ubiquitin signaling pathways, respectively (34, 48). YopJ also inactivates NF-κB 10 and MAPK signaling pathways in macrophages (63). NFKBIA, the gene for IκBα, an 11 inhibitor of NF-κB-dependent transcription, was upregulated only in WT-infected lymph 12 nodes, but this may represent post-induction repression, rather than prevention, of NF-κB 13 signaling pathways (27). 14 Whereas IFN-γ, TNF-α, and GM-CSF were induced only in WT-infected septic rats, 15 the gene for the pleiotropic cytokine osteopontin (67) was induced (> 40-fold) only in pYV --16 infected rats (Fig. 6, Table S1 ). Thus, an osteopontin response may participate in the 17 resolution of infection. In addition, IL-2 and IL-18 levels were significantly increased only 18 in the lymph nodes of pYV --infected rats (Fig. 6, 7) . The sulfiredoxin gene SRXN1, 19 involved in protection against oxidative stress (59), was differentially upregulated 10-to 27-20 fold in the lymph nodes of pYV --infected rats. (Table 1 , Fig. 5B, 6 , and data not shown). There were some notable immune 5 response-related exceptions, however. For example, genes for IL-17F, IL-6, IL-1 receptor 6 antagonist, the granulopoietic factors G-CSF and CCL20 (MIP-3α), and the pattern 7 recognition receptor Dectin-1 were highly upregulated at 36h in pYV --infected, but not 8 coinfected, lymph nodes (Fig. 6 ). 9
10

DISCUSSION 11
Recent studies have noted a biphasic pattern to the mammalian immune response to 12 plague-a noninflammatory phase during the first 24 to 36h after infection, in which there is 13 no detectable cytokine response despite rapid bacterial multiplication and spread; and a later 14 inflammatory or even hyperinflammatory phase, characterized by high levels of 15 proinflammatory cytokines and acute septic shock syndrome (7, 12, 28, 38, 41, 54) . Our 16 results reinforce and extend this model to the host transcriptome level. Dissemination of Y. 17 pestis and multiplication in the face of the mammalian immune system in the draining lymph 18 node did not induce any detectable transcriptional response by the host, even at a time when 19 the lymph node contains 10 3 to 10 7 Y. pestis and the bacteria are already beginning to 20 disseminate to the blood (Fig. 4 and ref. 54) . 21 We compared a successful to an unsuccessful host response by analyzing lymph 22 nodes infected with either an attenuated or a fully virulent Y. pestis strain. Since the genetic 23 on November 12, 2017 by guest http://iai.asm.org/ Downloaded from basis of attenuation was the absence of the 70-kb virulence plasmid, we also sought to 1 identify in vivo effects attributable to the Y. pestis T3SS encoded on this plasmid. A 2 complicating factor was that, to achieve comparable bacterial numbers in the lymph node, it 3 was necessary to inject 10 8 CFU of the pYV -strain compared to 10 3 CFU for the WT strain. 4
In previous studies, relatively few viable pYV -bacteria were ever recovered from the lymph 5 even after injection of 10 8 CFU (31), and animals infected with pYV -Y. pestis never showed 6 any signs of illness, so the lymphadenopathy produced by the pYV -strain at 36h was 7 unexpectedly severe (Fig. 1D) immune response appeared to be actively suppressed by pYV-dependent mechanisms. 23
Based on both in vitro and in vivo studies, a somewhat stereotyped host 1 transcriptomic response to bacterial infection has been reported (8, 32, 47) . This common 2 gene expression response is consistent with stimulation of the innate immune system to 3 produce proinflammatory cytokines and chemokines, interferon, and immune response 4 activators. Notably, an inflammatory response characterized by TNF-α and IFN-γ induction 5 and classical activation of macrophages is typical, followed by a dampening of inflammation. 6
Just the reverse appears to occur during plague-an initial modulation of inflammation 7 followed by a severe inflammatory response that contributes to mortality. Only about 29% 8 of the set of 511 mammalian genes previously implicated in the common mammalian 9 transcriptomic response to bacterial infection (32) for the atypical transcriptional response and corresponding evidence for alternative activation 13 of macrophages that we observed. For the most part, however, these results were not 14 dependent on the pYV virulence plasmid, and elevated IL-10 levels were not detected until 15 late-stage disease in this or in previous studies (38, 54) . In addition to T3SS-mediated 16 immunosuppression, the known nonstimulatory form of LPS made by Y. pestis in the 17 mammalian host is also likely a major factor in the atypical innate immune response to Y. 18 pestis (33, 45, 52, 61) . 19
Expression of the genes for the major proinflammatory cytokines IL-1α and IL-20 1β was upregulated 6-to 34-fold, but extracellular IL-1α was present at elevated levels only 21 in the lymph nodes of septicemic rats. Expression of the gene for the IL-1 receptor 22 antagonist (IL1Ra), which binds the IL-1 receptor (IL-1R1) with equal specificity and 23 affinity as IL-1α or IL-1β but does not activate it to trigger downstream IL-1 signaling (21) , 1 was even higher (50-to 252-fold). In addition, the decoy receptor IL-1R2, which binds IL-2 1α and IL-1β without transducing any IL-1 signal (21) reported for septicemic and pneumonic plague models in mice (12, 62) . These findings are 4 consistent with previous evidence for in vivo and in vitro targeting of neutrophils by the 5 T3SS (2, 43, 60, 68, 71) . Thus, the ability to counteract a neutrophil response in the draining 6 lymph node appears to be a major pathogenic function of the Y. pestis virulence plasmid. protective Th1-type inflammatory response (20) . In the rat, IL-10 induction was dependent 21 on the presence of LcrV, but was not detected until late in infection. On the other hand, 22
on November 12, 2017 by guest http://iai.asm.org/ Downloaded from failure to stimulate a Th1-type protective response was not dependent on LcrV, because the 1 pYV -strain did not significantly induce production of TNF-α, IFN-γ, or IL-12p70 (Fig. 6, 7) . 2 YopH inhibits expression by macrophages of the monocyte chemoattractant protein 3 MCP-1 (53) and inhibits T and B cell activation (70). MCP-1 was present at significantly 4 higher levels in the lymph nodes of pYV --infected rats (Fig. 7) . There was a pYV-dependent 5 3.3-fold induction of the gene for CTLA-4, the major inhibitory receptor that negatively 6 regulates T cell activation (1, 37), an observation probably unrelated to the previously 7 described mechanism of T cell inhibition by YopH (24) . Conversely, upregulation of ICOS, 8 the inducible T cell costimulatory receptor (37), was detected only during pYV -infection. 9
PD-L2, a component of a different negative regulatory system that inhibits T cell activation 10 (37, 56), was upregulated 2-to 4.5-fold by both pYV -and WT Y. pestis (Fig. 6 , Table S5 ). 11
YopJ inactivates NF-κB and MAPK signaling pathways and induces apoptosis in 12 macrophages (63). Molecular mechanisms of action for YopJ and other T3SS effectors have 13 been deduced mainly from ex vivo cell biology, biochemical, and microarray studies of 14 macrophages. YopJ contributes to apoptosis and TNF-α induction in vivo, but is not required 15 for virulence in the rat (39). Clearly interpretable coregulation patterns for genes involved in 16
YopJ-modulated cell-signaling pathways did not emerge from our in vivo microarray data, 17 probably due to the complexity of the multicellular lymph node samples, in which 18 macrophages were not a predominant cell type. 
